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TITLE OF THE INVENTION 

SOLAR CELL AND SOliAIUC E L L UMXT 



The present invention relates to a semiconductor, a 
solar cell employing the semiconductor, a method of 
manufacturing the solar cell, and a solar cell unit employing 
the solar cell. 



For the approximately the past ten years, grate 
attention has been paid to solar cells (solar batteries) 
employing silicon as a power source which is harmless to the 
environment. As for these solar cells employing silicon, 
a monocrystalline silicon type solar cell is known, which 
is used in artificial satellites or the like. In addition, 
a practical application of a solar cell is also known employing 
polycrystalline silicon (single crystal silicon) and a solar 
cell employing amorphous silicon. These solar cells have 
already been practically used in industrial and household 
applications . 

However, since these solar cells employing silicon are 
manufactured through a vacuum process , suchasaCVD (chemical 
vapor deposition) process or the like, manufacturing cost 
is high. Further, since a great deal of quantity of heat 
and a great deal of electricity are used in the manufacturing 
process, the balance between the energy required for 
manufacturing the solar cell and the energy generated by the 
solar cell is very poor. Thus, these solar cells are not 
yet established as an energy- saving power source. 

On thV. other hand, a new type of solar cell, which is 
referred to ^as "wet solar cell" or "fourth-generation 
photocell", was^roposed in 1991 by Gletzel et al. As shown 
in Fig. 9, this w^ solar cell includes one electrode 901 
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'^"?=b^:ined of titania ( titanium dioxide ) , which is a semiconductor , 
^^"^ f andaji^^tii^r electrode 902 formed of platinum, ITO or the like, 
and these elect-E^des are held in an electrolyte solution 903 , 
such as an iodine s&S>i^ion . 

The reaction principle of this wet solar cell is as 
follows . When receiving rays such as solar rays , the titania 
(Ti02), which is a semiconductor, receives electrons to 
deliver them to the electrodes, and holes (h^) , which are 
left in the titania electrode, oxidize iodine ions to convert 
I" into I"3. Then, the iodine ions, which have been oxidized, 
receive the electrons again to be reduced at the counter 
electrode. Thus, the iodine ions are cyclically moved 
5 between both of the electrodes . thereby realizing the battery . 

In this wet solar cell employing such an electrode formed 
rli of titania, however, only the ultraviolet rays in the solar 

rays are efficiently utilized. Therefore, in order to 
^ increase sensitivity of the solar cell so as to be able to 

[T* absorb light up to the visible ray region, the titania is 

p mixed with organic dye or the like. For this reason, such 

?} a wet solar cell is called as a dye-sensitized solar cell. 

Q 

U Since this type of wet cell can be manufactured from 

inexpensive materials and does not need a large scale 
equipment, such as an equipment for the vacuum process and 
the like for its manufacturing, it is greatly expected that 
this wet solar cell will be a low cost solar cell. 



However, since this dye-sensitized solar cell is a wet 
cell employing an electrolyte, such as an iodine solution 
or the like, it is necessary to seal its solar cell containing 
the iodine solution as the electrolyte with a sealing material 
Due to this structure, the dye- sensitized solar cell is 
subject to many problems in that, for example, leakage of 
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electrolyte solution is liable to occur when the sealing is 
broken and the like. 

Therefore, the dye-sensitized solar cell cannot have 
a practical life as a solar cell. 

Further, current and voltage of practically required 
levels cannot be secured by simply employing a flat -shaped 
titanium electrode because of its small absorption area of 
solar rays . 

In view of the above problems, the present invention 
is directed to a solar cell employing a titanium dioxide 
semiconductor, which includes a pair of electrodes; and a 
titanium dioxide semiconductor which is held between the 
electrodes, the surface and inside of the titanium dioxide 
semiconductor being formed with pores, and the titanium 
dioxide semiconductor being arranged so as to form a 
rectification barrier with respect to at least one of the 
electrodes . 

This makes it possible to provide a solar cell which 
can secure current and voltage of practically required levels , 
that is, a solar cell which is excellent in the photoelectric 
conversion efficiency . 

In the present invention, it is preferred that the 
rectification barrier is formed by contacting the titanium 
dioxide semiconductor with at least one of the electrodes, 
and the rectification barrier has a diode characteristic. 
According to this structure, it is possible to enhance the 
efficiency of power generation of the solar cell. 

Further, it is preferred that the rectification barrier 
is the shottky barrier being formed by contacting the titanium 
dioxide semiconductor with at least one of said electrodes. 
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According to this structure, it is also possible to enhance 
the efficiency of power generation of the solar cell. 

Alternatively, it is also preferred that the 
rectification barrier is the PN junction being formed by 
contacting the titanium dioxide semiconductor with at least 
one of said electrodes. This also enables enhancement of 
the efficiency of power generation of the solar cell. 

In this invention, it is also preferred that the 
electrode, with which said titanium dioxide semiconductor 
forms the rectification barrier, is formed in such a way as 
to penetrate into the surface of the titanium dioxide 
semiconductor and the inside thereof • This makes it possible 
to further increase the area ( surface area) where the 
rectification barrier is formed, thereby further enhancing 
the efficiency of power generation of the solar cell. 



Further, in the present invention, it is also preferred 
that the titanium dioxide semiconductor has a porosity of 
O 5 to 90%. This increases the contacting area between the 

Q titanium dioxide semiconductor and light (that is, the 

H irradiated area by light) , thereby enhancing the efficiency 

of power generation of the solar cell. 

Preferably, the titanium dioxide semiconductor has a 
porosity of 15 to 50% . This further increases the contacting 
area between the titanium dioxide semiconductor and light 
(that is, the irradiated area by light), thereby further 
enhancing the efficiency of power generation of the solar 
cell . 

More preferably, said titanium dioxide semiconductor 
has a porosity of 20 to 40%. This further more increases 
the contacting area between the titanium dioxide 
semiconductor and light (that is, the irradiated area by 
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light) , thereby furthermore enhancing the efficiency of power 
generation of the solar cell- 

In the present invention, it is also preferred that 
the titanium dioxide semiconductor is porous and has the 
fractal structure. This also enhances the efficiency of 
power generation of the solar cell . 

Further, in the present invention, it is preferred that 
the electrode with which said titanium dioxide semiconductor 
form the rectification barrier is formed from a transparent 
electrode made of ITO or the like, or a metallic electrode 
made of a metal selected from the group consisting of Al, 

Q 

.Vi Ni, Cr, Pt, Ag, Au, Cu, Mo, Ti, and Ta, or a metal compound 

-fl containing therein any one or more of these metals. This 
> also enhances the efficiency of power generation of the solar 

fU cell. 

y 

s Furthermore, it is also preferred that the electrode 

It with which said titanium dioxide semiconductor forms the 

p rectification barrier includes a solid iodide. This also 

enhances the efficiency of power generation of the solar cell . 

d 

Moreover, it is preferred that said titanium dioxide 
semiconductor forms the rectification barrier includes Cul 
(copper iodide). This enhances the efficiency of power 
generation of the solar cell. 

Moreover, it is also preferred that said titanium 
dioxide semiconductor forms the rectification barrier 
includes Agl (silver iodide). This also enhances the 
efficiency of power generation of the solar cell. 

Further, in the present invention, it is also preferred 
that the electrodes are formed by vacuum evaporation. This 
makes it possible to reliably contact the titanium dioxide 
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semiconductor with the electrode so that the efficiency of 
power generation of the solar cell is further enhanced. 

Alternatively, it is also possible to form the electrode 
using use spattering method- This also makes it possible 
to reliably contact the titanium dioxide semiconductor with 
the electrode so that the efficiency of power generation of 
the solar cell is further enhanced. 

Further, it is also possible to form the electrode using 
use printing method. This also makes it possible to reliably 
contact the titanium dioxide semiconductor with the electrode 
so that the efficiency of power generation of the solar cell 
is further enhanced. 

Furthermore, in the present invention, it is also 
preferred that the titanium dioxide semiconductor is 
subjected to visual rays absorbable processing for making 
it possible to absorb visible rays. This makes it possible 
for the titanium dioxide semiconductor to utilize light in 
the visual ray region, thereby enabling to enhancement of 
the efficiency of power generation of the solar cell. 

In this case, it is preferred that organic dye is 
adsorbed to said titanium dioxide semiconductor. This is 
a preferable means as the visual rays absorbable processing, 
which enables enhancement of the efficiency of power 
generation of the solar cell. 

In this case, it is preferred that inorganic dye is 
adsorbed to said titanium dioxide semiconductor. This is 
also preferable means as the visual rays absorbable processing, 
which also enables enhancement of the efficiency of power 
generation of the solar cell. 

Alternatively, it is also possible that the inorganic 
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dye being adsorbed to said titanium dioxide semiconductor 
includes inorganic carbon. This is also a preferable method 
of performing the visual rays absorbable processing, thereby 
enabling enhancement of the efficiency of power generation 
of the solar cell. 



In this case, it is also preferred that the inorganic 
dye being adsorbed to said titanium dioxide semiconductor 
includes an inorganic matter obtained by dying carbon. This 
is also a preferable method of performing the visual rays 
absorbable processing, thereby enabling enhancement of the 
efficiency of power generation of the solar cell. 

S 

^ In the present invention, it is also preferred that 

P the titanium dioxide semiconductor has oxygen defects . This 

1=4 

^ makes it possible for the titanium dioxide semiconductor to 

utilize light in the visual ray region, thereby enabling 
fjj enhancement of the efficiency of power generation of the solar 

^ cell. 

M> 

O Alternatively, it is also preferred that the titanium 

g dioxide semiconductor includes impurities such as Cr and/or 

M V. This makes it possible to prevent the crystalline 

structure of the titanium dioxide semiconductor from being 

changed. 

Another aspect of the present invention is directed 
to a solar cell unit employing a titanium dioxide 
semiconductor, which includes a solar cell which includes 
a pair of electrodes, and a titanium dioxide semiconductor 
which is held between the electrodes, the titanium dioxide 
semiconductor being formed with pores, and first and second 
substrates which holds the solar cell therebetween. 
According to this structure, it is possible to provide a solar 
cell unit which can utilize current and voltage of practically 
required levels, that is a solar cell unit which is excellent 
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in power generation efficiency (photoelectric transfer 
efficiency) . 

In this invention, it is preferred that a solar cell 
unit has first and second substrates arranged so that solar 
rays enter from the side of one of the substrates, in which 
the other substrate arranged at the opposite side is coated 
with a reflection film or has a reflection film thereon . This 
makes it possible to effectively prevent the passing of light , 
so that utilizing efficiency of light is further enhanced. 
With this result, it is possible to enhance the efficiency 
of power generation of the solar cell. 

In this solar cell unit, it is preferred that the first 
and second substrates are arranged so that solar rays enter 
from the side of one of the substrates, in which the other 
substrate arranged at the opposite side is coated with a 
reflection film or has a reflection film thereon. This 
arrangement makes it possible to prevent or suppress passing 
of the light effectively so that the solar cell unit can utilize 
the light more efficiently. With this result, it is possible 
to enhance the efficiency of power generation of the solar 
cell . 

Preferably, in this solar unit, the space between the 
first substrate and the second substrate is filled with an 
inert gas such as argon gas . This makes it possible to extend 
the durability of the solar cell unit. 

Further, it is also preferred that at least one of the 
first and second substrates, arranged at the side from which 
solar rays enter, is formed into a transparent substrate or 
a translucent substrate formed of glass , plastic or synthetic 
resin. This arrangement makes it possible to reliably 
transmit the light to the light receiving surface of the solar 
cell cell. 
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Furthermore, in this solar cell unit, it is also 
preferred that at least one of the first and second electrodes , 
arranged at the side from which solar rays enter, has a top 
surface and a bottom surface, and an anti-reflection film 
is coated or placed on the tip surface or bottom surface. 
This arrangement makes it possible to reliably transmit the 
light to the light receiving surface of the solar cell cell 
and enables enhancement of the efficiency of power generation 
of the solar cell . With this result , it is possible to enhance 
the efficiency of power generation of the solar cell. 

Moreover, in this solar cell unit, it is also preferred 
that at least one of the first and second electrodes , arranged 
at the side from which solar rays enter, has a top surface, 
and a light catalyst made of titanium dioxide (TiOz) is coated 
on or placed on the top surface . According to this structure , 
it possible to degrade impurity substances { such as deoxidized 
carbon, and organic matters) by the light catalyst, even in 
the case where the solar cell unit is used out-doors, it is 
possible to prevent the surfaces of the first sand or second 
electrode from being contaminated in a preferred manner. 

Fig. 1 schematically shows the structure of a solar cell 
of an embodiment according to the present invention; 

Fig .2 schematically shows the structure of the solar 
cell of another embodiment according to the present invention ; 

Fig. 3 is a cross -sectional view which schematically 
shows the structure of the solar cell of the embodiment 
according to the present invention; 

Fig. 4 is a cross -sectional view which schematically 
shows the structure of the solar cell of the embodiment 
according to the present invention; 

Fig .5 is a circuit diagram which shows an equivalent 
circuit of the solar cell of the embodiment according to the 



present invention ; 

Fig. 6 is a cross-sectional view which schematically 
shows the structure of the solar cell of the embodiment 
according to the present invention; 

Fig. 7 is a cross-sectional view which schematically 
shows the structure of a solar cell unit of an embodiment 
according to the present invention ; 

Fig, 8 is a cross-sectional view which schematically 
shows the structure of a solar cell unit of aother embodiment 
according to the present invention; and 

Fig. 9 is a diagram which schematically shows the 
structure of the conventional wet solar cell. 

^TggT wnpLE-EQR-B P A rTTrTNG THK -JNVE MT T OM , 

Hereinbelow, embodiments according to the present 
invention will be described in detail with reference to the 
accompanying drawings. Fig. 1 to Fig. 8 schematically show 
the structures, the circuit and the like of a solar cell and 
a solar cell units according to the present invention. 

In this regard, it is to be noted that the reference 
numerals 101, 201, 301, 401, 601, 701 and 801 used in Fig. 
1 to Fig. 4 and Fig. 6 to Fig. 8 designate respectively a 
titanium dioxide semiconductor (titania semiconductor) . For 
the sake of convenience, the different reference numerals 
are assigned to designate the titania semiconductor in these 
drawings. Likewise, in these drawings, corresponding 
elements or the same elements other than the titanium dioxide 
are also designated with different reference numerals . 

( First Embodiment ) 

Fig. 1 is an illustration which schematically shows 
the structure of a solar cell (solar cell unit) 100, which 
is an embodiment of a solar cell employing a semiconductor 
according to the present invention. 




The solar cell 100 includes a first substrate 104, such 
as a glass substrate or ametal substrate , and a first electrode 
103 formed on the first substrate 104. The first electrode 
103 is formed from a transparent electrode made of ITO or 
the like or a metallic electrode (which is made of a metal 
selected from the group consisting of Al, Ni , Cr, Pt , Ag , 
Au, Cu, Mo, Ti and Ta, an alloy containing any one or more 
of these metals, or a compound containing any one of these 
metals ) . 

An anatase type titanium dioxide (Ti02) semiconductor 
101 is formed on the first electrode 103 . The titanium dioxide 
(TiOz) semiconductor is an n-type semiconductor. 

A comb- shaped (stripe-like) second electrode 102 is 
formed on the anatase type titanium dioxide (TiOa) 
semiconductor 101. Although the comb-shaped second 
electrode shown in Fig. 1 is illustrated to have three 
electrode teeth, a comb- shaped second electrode 102 of an 
actual model can have a more number of stripe- like comb- shaped 
electrode teeth . 

Alternatively, as shown in Fig. 2, the second electrode 
202, which is formed on the anatase type titanium dioxide 
(Ti02) semiconductor 201, may be formed into a full-face type 
electrode which covers a part of or an entire of the surface 
of the titanium dioxide (Ti02) semiconductor 201. 

On the second electrode 202, a third electrode 205 that 
supports the second electrode may be formed. This third 
electrode includes a substrate, such as a glass substrate 
or a metallic substrate, and on the substrate there is formed 
a transparent electrode made of ITO or the like or a metallic 
electrode (which is made of a metal selected from the group 
consisting of Al, Ni, Cr, Pt, Ag, Au, Cu, Mo , Ti and Ta, or 



an alloy containing any one or more of these metals). 

In the present invention, each of the second electrodes 
102, 20 2 shown in Fig. 1 and Fig. 2 is constructed from a 
metallic electrode (which is made of a metal selected from 
the group consisting of Al, Ni, Cr, Pt , Ag, Au, Cu, Mo, Ti 
and Ta, an alloy containing any one or more of these metals, 
a compound containing therein any one of the above-mentioned 
metals such as Cul , CuSCN, Agl , CuBr, AgzS, RbAgAls, AgBr, 
P-AI2O3 (NaO-nAl203) , or the like). 

In this case, as shown in Fig. 1 and Fig. 2, since each 
of the tj ^nia semiconductors 101 , 201 is in contact with 
the first electrjo^e.or the above-mentioned second electrode, 
respectively, a jrectif ication barrier (t he Schottky barrie r 
or the FN junction) , which has an energy height corr espondin g 
to the difference in the wor k function between the titani a 
semiconductor 1 01 or 201 and the first electrode or the second 
electrode, is formed in the interface therebetwee n, so that 
rectification occurs . 

For example, w hen^ the titanium, ^dioxide (T i02j> 
semiconductor is in contac t with the , second electrod e 102 
or 202 an^^Wiejjrork^ 

102, 202 is larger than thalL -af,-t he-tit an ium „^^J>^^^^J^^^2)^ 
semiconductor , rec tification occurs due to the presence of 
t he'^cho 1 1 ky b ar r i e r or _t h e PN junction . 

In this case, as for the constituent material of each 
of the second electrodes 102, 202, any one of the materials 
described above, in particular a material having the ion 
conduction property, is preferably employed. 

As for the material having the ion conduction property, 
one kind of or two or more kinds of metal halide compounds , 
such as a metal iodide compound such as Cul or Agl, and a 
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metal bromide compound, suchas AgBr, may be used, for example. 
Among these compounds, it is particularly preferable to use 
one kind of , or two or more kinds of , the metal iodide compounds , 
such as Cul and Agl . 

The situation caused in the solar cells described above 
can be represented with an equivalent circuit shown in Fig. 
5. As shown in this figure, it can be seen that a circulation 
circuit of a current including a diode 510 is formed. 

Specifically, when rays, such as solar rays, strike 
the periphery of the interface between the titania 
semiconductor 101 or 201 and the second electrode 102 or 202, 
electrons are excited in the periphery of the interface 
between the titania semiconductor and the second electrode 
to generate electrons and holes (positive holes). The 
electrons and the positive holes generate a current, thereby 
forming a loop of the current in the solar cell, as shown 
in the equivalent circuit of Fig. 5. 

Fig. 3 and Fig. 4 show the structure of the solar cell 
of the embodiment according to the present invention. 

Fig- 3 shows the situation in which an electrode 302 
of the solar cell (corresponding to the second electrode 102 , 
202 of Fig. 1 and Fig. 2) , which is made of a metal, a metal 
alloy, a metal compound or the like, is in contact with or 
joined to a titanium dioxide (Ti02) semiconductor 301. 

As shown in Fig. 3, the second electrode 302 penetrates 
into the pores of the titanium dioxide semiconductor 301 so 
that the titanium dioxide semiconductor 301 and the second 
electrode 302 form therebetween the Schottky barrier or the 
PN junction. With this result, the surface area of the 
Schottky barrier or the PN junction, which is formed between 
the metal (the metallic electrode 302) and the semiconductor 
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(the titanium dioxide (TiOz) semiconductor 301), is 
increased . 

For example, when the titanium dioxide semiconductor 
301, which is an n-type semiconductor, and an electrode of 
Cul (the second electrode 302), which is a p-type 
semiconductor, are used, PN junction is created therebetween , 
so that a diode is formed in the junction part due to the 
PN junction. 

Fig. 4 shows the situation in which solar rays strike 
the solar cell shown in Fig. 1. Specifically, solar rays 
strike the metallic electrode ( represented by 402 ) and a part 
of the titanium dioxide {Ti02) semiconductor (represented 
by 401) where no metallic electrode is formed. 

Further, in Fig. 3 and Fig. 4, the arrows indicate the 
traveling directions of the rays, and these figures show the 
situation in which the rays strike on the surface and enter 
the pores of the titanium dioxide semiconductor. 

As shown in Fig. 4, the titanium dioxide (TiOz) 
semiconductor 401 and the metallic electrode (second 
electrode) 402 are in contact with each other to form 
therebetween the Schottky barrier or the PN junction. 

In this case, the metallic electrode 402 formed on the 
surface of the titanium dioxide (Ti02) semiconductor 
penetrates into the pores of the titanium dioxide 
semiconductor 401. As a result, the surface area of the 
Schottky barrier or the PN junction, which is formed between 
the metal (the metallic electrode 402) and the semiconductor 
(the titanium dioxide (TiOa) semiconductor 401), is 
increased. 

Further, since the titanium dioxide semiconductor 401, 
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which is an n-type semiconductor, is jointed to the electrode 
of Cul (the second electrode 402), which is a p-type 
semiconductor, PN junction is created therebetween, so that 
a diode is formed in the junction part due to the PN junction. 

The metallic electrode 402, which is provided on the 
surface of the titanium dioxide (TiOz) semiconductor, is 
constructed from a transparent electrode made of ITO or the 
like , or ametallic electrode (which is made of ametal selected 
from the group consisting of Al, Ni, Cr, Pt, Ag, Au, Cu, Mo, 
Ti and Ta , an alloy containing therein any one of these metallic 
materials, or a compound, containing therein the 
above-mentioned metal , such as Cul, CuSCN, Agl , Ag2S, RbAg4l5* 
CuBr, AgBr, P-AI2O3 (NaO-nAlzOa) , or the like) , and the metal 
electrode 402 is formed on the surface of the titanium dioxide 
(TiOa) semiconductor by utilizing the vacuum evaporation 
method, the sputtering method or the printing method or the 
like. Among the materials mentioned above, the material 
having the ion conduction property is preferably used for 
the constituent material of the metallic electrode 402. 

As for the material having the ion conduction property, 
one kind of, or two or more kinds of, metal halide compounds, 
such as a metal iodide compound such as Cul or Agl , and a 
metal bromide compound, such as AgBr, may be used, for example. 
Among these compounds, it is particularly preferable to use 
one kind of , or two or more kinds of , the metal iodide compounds , 
such as Cul and Agl . 

For example, when the metallic electrode 402, which 
is formed on the surface of the titanium dioxide (Ti02) 
semiconductor, is made of Cul (copper iodide), Cul is 
dissolved in a solvent, such as acetonitrile , to obtain a 
saturated solution, and then the saturated solution thus 
obtained is dropped onto the surface of the titanium dioxide 
semiconductor or on the third electrode 205 shown in Fig. 
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2 , and then it is heated at a temperature of 100 to 180 degrees , 
thereby obtaining the metallic electrode 402. 

As described above, since the titanium dioxide (Ti02) 
semiconductor of the present invention has a very large 
porosity, solar rays not only strike on the surface of the 
titanium dioxide (Ti02) semiconductor, but also enter the 
pores of the titanium dioxide (TiOa) semiconductor, and thus 
rays that enter cause multiple-reflection repeatedly within 
the pores, as indicated by the arrows in Fig. 3 and Fig, 4, 
to cause the photovoltaic effect in the titanium dioxide ( Ti02 ) 
semiconductor. 

Specifically, since the contact part between the metal 
and the semiconductor (that is, the Schottky barrier part 
or the PN junction part ) provides the rectification function , 
and thereby interface potential is present therein to produce 
electric field due to the presence of the barrier . Therefore , 
when rays (photons) , each having larger energy than the band 
gap defined between the valence band and the conduction band, 
enter the vicinity of the interface, the electrons and the 
positive holes which have been generated are drawn apart due 
to the electric field of the interface, thereby causing 
potential difference (photoelectromotive force) . 

Therefore, if an external circuit is electrically 
connected to the contact part (the Schottky barrier part or 
the PN junction part) as shown in Fig. 5, a photo-exciting 
current is obtained, thereby enabling a solar cell to be 
provided. 

In this regard, it is to be noted that, as shown in 
Fig. 3 and Fig. 4, the rays which have entered the pores of 
the titanium dioxide semiconductor are reflected repeatedly 
in the pores and a part of the rays pass through downwardly. 
However, these rays are reflected by the surface of the flat 
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lower electrode (first electrode) 103 shown in Fig. 1, or 
by a reflecting plate 714 shown in Fig. 7 (which will be 
described later) or a reflecting plate 816 shown in Fig. 8 
(which will be described later) , and they reenter the surface 
of the titanium dioxide semiconductor that is the pores 
thereof again , thereby causing the photoelectromotive force . 

Each of the titania semiconductors 301 , 401 is the oxide 
semiconductor made of an anatase type titanium dioxide, which 
is formed by sintering fine powder of titanium (Ti) having 
the particle size of about 10 nm to about 100 jxm, and then 
oxidizing it, or the oxide semiconductor which is formed by 
sintering fine powder of an anatase type titania (TiOa) having 
S the particle size of about 5 nm to about 2,000 nm. The detailed 

^ description of the manufacturing method of the titanium 

semiconductors 301, 401 will be provided later. 

m 

Each of the titanium dioxide semiconductors 301, 401 
has a very high porosity (void ratio) , that is porous, thus 
N it has the so-called fractal structure. 

ffl More specifically, as shown in Fig. 3 and Fig. 4, the 

P porous titanium dioxide semiconductor 301 or 401 is formed 

from an anatase type titania semiconductor having the porosity 
(void ratio) of 5 to 90 %. Preferably, the titanium dioxide 
semiconductor 301 or 401 is formed from an anatase type titania 
semiconductor having the porosity (void ratio) of 15 to 50 % , 
and more preferably , it is formed from an anatase type titania 
semiconductor having the porosity of 20 to 40 %. 

As described above, by using the titanium dioxide 
semiconductor having the extremely high porosity , the surface 
area of the titania electrode is remarkably increased as 
compared with the case where the titania electrode is formed 
into a flat-shaped plate. For example, a portion of the 
titania defined by 1 cm^ in a plane can have a total surface 
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area of 1,000 to 10,000 cm^ . As a result, since the contact 
area between the titania and solar rays is also increased, 
the amount of the current flowing therethrough is 
mathematically expected to be 1,000 to 10,000 times as large 
as the case where the titania electrode is formed into a 
flat- shaped plate. 

(Second Embodiment) 

While the normal titania semiconductor reacts with only 
the ultraviolet rays in solar rays as described above, the 
titania semiconductor of the present invention is subjected 
to the processing for sensitizing to absorption wavelength 
of rays, such as solar rays, so as to be able to react with 
the rays up to the visible ray region. 

Specifically, examples of such processing include (1) 
a method in which dye is adsorbed on the porous surface of 
the titania semiconductor (the dye adsorption method), (2) 
a method in which oxygen defects are formed in the titania 
to reduce the band gap in order to sensitize to the visible 
rays (the oxygen defect method), and (3) a method in which 
the titania is doped with a very small quantity of impurities 
(the impurity doping method) , and so forth, and one kind of, 
or two or more kinds of, these methods can be used alone or 
in combination with other method. 

First, the first method (the dye adsorption method) 
will hereinbelow be described in detail. 

Each of the titania semiconductors 301, 401 shown in 
Fig. 3 and Fig. 4 is the oxide semiconductor made of an anatase 
type titanium dioxide, which is formed by sintering fine 
powder of titanium (Ti) having the particle size of about 
10 nm to about 100 jim, and then oxidizing it, or the oxide 
semiconductor which is formed by sintering fine powder of 
an anatase type titania (TiOz) having the particle size of 
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about 5 nm to about 2,000 nm. 

Each of the titanium dioxide semiconductors 301, 401 
has a very high porosity, that is porous. Thus it has what 
is referred to as a fractal structure. 

More specifically, as shown in Fig. 3 and Fig. 4, the 
porous titanium dioxide semiconductor 301 or 401 is formed 
of an anatase type titania semiconductor having the porosity 
(void ratio) of 5 to 90 %. Preferably, the titanium dioxide 
semiconductor 301 or 401 is formed of an anatase type titania 
semiconductor having the porosity (void ratio) of 15 to 50 %, 
and more preferably, it is formed of an anatase type titania 
semiconductor having the porosity of 20 to 40 %. 

Further , in these porous titanium dioxide 
semiconductors having the fractal structure described above , 
dye is, in advance, adsorbed on the surface of the titanium 
dioxide semiconductor and inside the pores thereof. 

As for the dye, organic dye (metal organic dye such 
as ruthenium complex) , inorganic dye ( carbon black containing 
therein inorganic carbon and the like), or the like is 
employed . 

The dye is previously dissolved in a solvent, such as 
alcohol, and the titanium dioxide semiconductor 301 or 401 
is dipped in this solution, so that the dye is adsorbed on 
the surface of the titanium dioxide semiconductor 301 or 401 
and inside the pores thereof. Thereafter, the titanium 
dioxide semiconductor 301 or 401, which is pulled up from 
the solution, and then it is dried naturally, whereby the 
dye is adsorbed and fixed on the surface of the titanium dioxide 
semiconductor 301 or 401 and inside the pores thereof. In 
this case, in order to make the dye adsorbed more firmly, 
it is effective to dry the titanium dioxide semiconductor 
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301 or 401 with a clean oven or the like at a temperature 
of about 60 to 100 degrees - 

Next, the second method (the oxygen defect method) will 
hereinbelow be described in detail. 

First, powder of an anatase type or a rutile type 
titanium dioxide (Ti02) is prepared. The mean particle size 
of the titanium dioxide powder is not particularly limited, 
but it is preferably in the range of about 5 nm to about 10 
pim, and it is more preferably in the range of about 5 nm to 
about 100 nm, for example. 

Q The titanium dioxide (Ti02) powder is subjected to 

reduction processing at a temperature of 600 to 1 , 000 degrees 
to reduce the oxygen contained in the titanium dioxide (Ti02) 

pj so that the titanium dioxide semiconductor having oxygen 

^ defects is formed. The property of the titanium dioxide 

hi 

semiconductor at this time is of an n-type. 



When the temperature in the reduction processing begins 
to exceed 800 degrees, the crystal structure of the anatase 
type titanium dioxide (Ti02) begins to change into that of 
the rutile type. Therefore, the titanium dioxide (Ti02) 
having oxygen defects can be formed into three states 
including the state in which only the anatase type titanium 
dioxide is present, the state in which the anatase type 
titanium dioxide and the rutile type titanium dioxide are 
mixedly present, and the state in which only the rutile type 
titanium dioxide is present. 

It is effective that the reduction processing which 
is employed at this stage is carried out in a hydrogen 
atmosphere. When the reduction processing is carried out 
in a hydrogen atmosphere, the reduction of the oxygen 
contained in the titanium dioxide {Ti02) is promoted by 
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hydrogen, so that the temperature of the reduction processing 
can be set to a lower level. Therefore, it is also possible 
to subject the anatase type titanium dioxide (TiOa) to the 
reduction processing as it is. 

Next, the third method (the impurity doping method) 
will hereinbelow be described in detail. 

Fig, 6 shows the structure of the titania semiconductor 
of the embodiment according to the present invention. As 
shown in Fig. 6, the titania contains therein a very small 
quantity of impurities, such as Cr (chromium) andV (vanadium) , 
in the range of 0.1 to 2.5 jxmol/g, and also more ideally, 
it is preferable that the titania contains therein impurities , 
such as Cr and V, in the range of 1.5 to 2.0 ^inol/g. 

As described above, since the titania semiconductor 
of the present invention is subjected to the processing for 
sensitizing to the absorption wavelength of rays, such as 
solar rays, so as to be able to react with the rays up to 
the visible ray region, it can absorb the visible rays having 
the wavelength of equal to or longer than 400 nm (normally, 
this means the rays having the wavelength of 400 to 750 nm) 
which cannot be efficiently absorbed by the normal titania 
semiconductor. Therefore, the titania semiconductor of the 
present invention can absorb solar rays at the practical level. 
As a result, the efficiency of the solar cell can be greatly 
enhanced. 

(Third Embodiment) 

Next, the method of forming the titania semiconductor 
films 101, 201 of the present invention will hereinbelow be 
described in detail. 

1 Powder Molding Method 

The titania semiconductor employed in the present 
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invention is formed by utilizing what is referred to as Powder 
Injection Molding method (in general, it is called the PIM 
Method) , or what is referred to as Metal Injection Molding 
Method (in general, it is called the MIM method). 

In these methods, a resin binder of 99 to 50 % in the 
volume ratio is added to titanium fine powder, having the 
particle size of about 20 to 2 , 000 nm, and then they are kneaded 
to form a source compound, having the low viscosity (in the 
range of 1,000 to 3,000 P) with which the injection molding 
can be carried out . 

At this time , Cr or V is added thereto in order to increase 
the absorption wavelength width of rays . This may be added 
to the source compound, either in the state of the oxide of 
Cr (CrOa), or in the state of the oxide of V, or added to 
the source compound in the state of pure Cr or in the state 
of pure V. 

After having been subjected to the process of removing 
the resin binder (debinding process), the debound titanium 
fine powder (brown body) is sintered together with the 
above-mentioned additive. The titanium fine powder is 
oxidized through this sintering process to become the anatase 
type titania (titanium dioxide). 

In this case, since the rutile type titania is thermally 
stable and the crystal structure of the anatase type titania 
is changed into the rutile type titania through heating at 
the temperature of equal to or higher than 900 degrees, the 
debinding process and the sintering process, including the 
oxidation, must be carried out at the temperature of equal 
to or lower than 900 degrees so that the crystal structure 
of the titanium oxide can be kept as the anatase type titanium 
dioxide . 




In addition, in the sintering process , in order to obtain 
a titania alloy without destroying the anatase type crystal 
structure, M0O3 (molybdenum oxide) , having the melting point 
of 795 degrees, is added in advance as a sintering assistant 
to the source compound to obtain the sintered alloy of titania , 

Note that, this sintering assistant is not limited to 
M0O3 (molybdenum oxide), and hence any of other sintering 
assistants can be utilized as long as its melting point is 
equal to or lower than 900 degrees. 

Alternatively, as a method of obtaining the anatase 
type titanium dioxide semiconductor without employing any 
sintering assistant, the following method can be adopted, 
in which after titanium fine powder has been sintered in a 
vacuum atmosphere at the temperature of about 1,200 degrees 
once, the resultant sintering body is resintered in an oxygen 
atmosphere at the temperature of equal to or lower than 900 
degrees to oxidize the titanium sintered body, thereby 
obtaining a titanium dioxide semiconductor. 

2 Coating Method 

In addition to the above, the titania semiconductor 
may be formed into a film (a thick film or a thin film) by 
utilizing various kinds of coating or spraying methods and 
apparatuses, such as dipping, doctor blade, spin coating, 
brush application, spray coating, and roll coater. 

For example, in accordance with the coating method, 
since the operation thereof is very simple and also no large 
scale equipment is required, it is advantageous in reducing 
the manufacturing cost of the titania semiconductor and the 
solar cell as well as in reducing the manufacturing time. 
Further, according to the coating method, a titania 
semiconductor having a desired pattern shape can be readily 
obtained by employing a masking, for example. 
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Now, a description will hereinbelow be given with 
respect to the manufacturing method of the titania 
semiconductor in accordance with the coating method. 

In this method, the mean particle size of the titanium 
oxide powder is not particularly limited, but, for example, 
it is preferably in the range of about 5 nm to 10 jxm, and 
is more preferably in the range of about 5 to 100 nm. Use 
of the titanium dioxide powder having the mean particle size 
within the above-mentioned range makes it possible to enhance 
the uniformity of the titanium oxide powder in the coating 
liquid (semiconductor material) , as will be described later 
in detail. 

In addition, by using the titanium oxide powder having 
the small mean particle size as described above, it becomes 
possible to obtain a super porous titania semiconductor , which 
makes it possible for the light receiving surface of the 
titania semiconductor to have an increased contact area with 
rays. In addition, when dye is added for sensitizing to the 
absorption wavelength of the visible rays, the amount of dye 
adsorbed to the titania semiconductor can be greatly 
increased. 

With respect to the preparation of the coating liquid 
(semiconductor material), first the fine particle titanium 
oxide powder, having the particle size of about 5 to 100 nm, 
is suspended into a suitable amount of water (e.g. , distilled 
water, super-pure water, ion exchange water, RO water or the 
like) . 

Next, a stabilizing agent, such as nitric acid or the 
like, is added to such suspension, and then they are 
sufficiently kneaded in a mortar made of agate (or made of 
alumina) . 
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Next, the above-mentioned water is added to such 
suspension to be further kneaded therewith. At this time, 
the mixing ratio between the above-mentioned stabilizing 
agent and the water should preferably be in the range of 10 : 90 
to 40 : 60 in the volume ratio , and more preferably in the range 
of 15:85 to 30:70. Also, the viscosity of such suspension 
should be in the range of about 0 . 2 to about 30 cps , for excimple . 

Thereafter, a surfactant is added to such suspension, 
and then they are kneaded in such a way that the final 
concentration of the coating liquid becomes in the range of 
about 0.01 to 5 wt%, for example. In this way, the coating 
liquid (semiconductor material) is prepared. 

Note that, the surfactant may be any one of the 
surfactants including a cationic surfactant, an anionic 
surfactant, a bi-ionic surf actant , and a non- ionic surf actant . 
However, it is preferable to use the non-ionic surfactant. 

In addition, as for the stabilizing agent, instead of 
the nitric acid, a surface modification reagent for the 
titanium oxide, such as acetic acid or acetylacetone , may 
also be employed. 

In addition, as needed, various kinds of additives, 
such as a binder e.g. polyethlene glycol ( PEG ) , a plasticizer , 
and an antioxidant, may be added to the coating liquid 
(semiconductor material) . 

Addition of these additives, such as the binder e.g. 
polyethlene glycol (PEG) , the plasticizer and the antioxidant 
is effective for increasing the viscosity of the suspension 
to provide a coating liquid ( semiconductor material ) in paste 
form. In addition, the PEG serves to increase the viscosity 
of the titania paste and also acts as a binder for the fine 



particle titania when sintering the titania semiconductor. 

Further, the PEG contributes to increasing the porosity 
of the titania semiconductor because the component of the 
PEG which is unnecessary as the binder is volatilized during 
the sintering process. 

The coating liquid as described above is applied to 
the upper surface of the first electrodes 103, 203 shown in 
Fig. 1 or Fig. 2 by the coating method (e.g., the dipping 
or the like), and it is then dried to form a film made of 
the semiconductor material. In the present invention, the 
operation of the application and the drying of the coating 
liquid may also be carried out plural times to obtain a laminate 
of films of the semiconductor material. 

Next, as needed, the film, made of the semiconductor 
material, is subjected to a heat treatment (e.g., the 
sintering or the like) at the temperature of about 250 to 
500 degrees for about 0 . 5 to 3 hours to obtain the titanium 
semiconductor 101 , 201 . By being subjected to this treatment , 
among the particles of the titanium oxide powder, which were 
in the state that they are only in contact with each other, 
diffusion joining is caused at their contact parts so that 
the particles of the titanium oxide powder become firmly 
bonded to each other to some degree. 

(Fourth Embodiment) 

Fig. 7 shows an example of the structure of a solar 
cell unit as a module (unit) of the solar cell of the present 
invention. 

In this solar cell unit , a semiconductor made of titanium 
dioxide (a titanium dioxide semiconductor, that is a titania 
semiconductor) 701, is held between one pair of electrodes 
including an upper electrode (second electrode) 702 and a 
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lower electrode (first electrode) 703. Each of these 
electrodes 702 and 703 is formed of a transparent electrode, 
such as ITO or a metallic electrode (which is made of a metal 
which is selected from the group consisting of Al , Ni , Cr , 
Pt, Ag, Au, Cu, Mo, Ti and Ta, an alloy containing any one 
or more of these metals, or a compound containing therein 
any one or more of the above-mentioned metals, such as Cul , 
CuSCN, Agl, AgaS, RbAg4l5, AgBr or P-AI2O3 (NaO-nAlzOa) or the 
like) . 

The upper electrode 702 may be either a stripe-like 
comb-shaped electrode including a plurality of electrode 
theeth, as shown in Fig • 1 , or a full-face electrode, as shown 
in Fig. 2. 

The lower electrode 703 may be either a flat electrode, 
which is in contact with the titanium dioxide semiconductor 
701, as shown in Fig. 1, or a stripe-like comb- shaped electrode , 
an electrode which is not a flat electrode. 

The direction of solar rays entering this solar cell 
cell (the solar cell unit) 700 is arbitrarily determined 
depending on the shape and the film quality of the electrode ( s ) 
such that the rays , such as solar rays , strike on the titanium 
dioxide semiconductor 701 . Note that , in the solar cell unit 
700 of this example, the unit is used so that the rays are 
made to enter from the upper side in Fig. 7. 

The solar cell including the titanium dioxide 
semiconductor 701, which is held between the pair of 
electrodes 702 and 703, is accommodated in the space between 
an upper substrate 711 and a lower substrate 715, each of 
which is made of transparent glass, plastics '( PET , PI, PPS 
or the like) , resin or the like, and is sealed with a sealing 
material 713. The space between the substrates 711 and 715 
may also be filled with an inert gas, such as argon gas. 




A reflecting film (reflecting plate) 714 is formed on 
the upper surface of the lower substrate 715. As a result, 
the rays, which have passed through the titanium dioxide 
semiconductor 701, can be reflected towards the titanium 
dioxide semiconductor 701 again. However, it is to be noted 
that this reflecting film 714 may be omitted if it is 
unnecessary. 

Further, in order to increase the amount of light 
entering the titanium dioxide semiconductor 701, an 
antiref lection film 712 is applied to (provided on) the lower 
surface of the upper substrate 711. 

S 

q 

Furthermore, the uppermost surface of the upper 

J substrate 711 is coated (arranged) with a thin film 716 made 

rU of titanium dioxide (TiOa) having photocatalyst function, 

y since the solar cell unit 700 of the present invention is 

3 normally placed out-doors to generate electricity. By the 

h thin film 716 made of titanium dioxide (TiOz) provided on 

Q the upper substrate (cover glass) 711 of the solar cell unit 

2 700 of the present invention, the cover glass 711 of the solar 

o 

U cell unit 700 can be prevented from becoming dirty and being 

It ™- 

contaminated due to carbon dioxide exhausted from automobiles 
and the like and organic contaminants . 

Fig. 8 shows another example of the structure of a solar 
cell unit as a module (unit) of the solar cell of the present 
invention . 

Hereinbelow, a description will be made with regard 
to a solar cell unit 800 shown in Fig. 8 by focusing its 
difference from the above-mentioned solar cell unit 700, and 
an explanation for the common points will be omitted here 
for the sake of simplicity. 
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The solar cell unit 800 shown in Fig. 8 includes a lower 
substrate 815, a lower electrode (first electrode) 803, a 
titanium dioxide semiconductor 801, an upper electrode 
(second electrode) 802, a third electrode 812, and an upper 
substrate 811. Each of these elements is formed into a 
plate- like shape, and they are laminated in this order. 

Each of the lower substrate 815, the lower electrode 
803, the titanium dioxide semiconductor 801, the upper 
electrode 802 , the third electrode 812 and the upper substrate 
811 is formed into a plate-shape or a layer-shape. 

In this solar cell unit 800, a sealing material 813 
^ is provided between the lower electrode 803 and the third 

electrode 812, and the side face of the solar cell unit is 
^ hermetically sealed therewith. 

m 

0 That is, both of the titanium dioxide semiconductor 
801 and the upper electrode 802 are accommodated in the space 
defined by the sealing material 813, the lower electrode 803 
and the third electrode 812. Note that, this space may be 

01 filled with an inert gas, such as argon gas (Ar) . 

The titanium dioxide semiconductor 801 may have the 
same structure as that of each of the above-mentioned titanium 
dioxide semiconductors 101, 201, 301, 401, 601 and 701. 

The upper substrate 811 and the lower substrate 815 
may have the same structures as those of the upper substrate 
711 and the lower substrate 715 as described above, 
respectively . 

The upper electrode 802 and the lower electrode 803 
may have the same structures as those of the upper electrode 
702 and the lower electrode 703 as described above, 
respectively . 
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The third electrode 812 may be constructed from a 
transparent electrode made of ITO or the like or a metallic 
electrode (which is made of metal which is selected from the 
group consisting of Al, Ni, Cr, Pt , Ag, Au, Cu, Mo, Ti and 
Ta, an alloy containing therein any one or more of these 
metallic materials, or the like). 

In addition, the sealing material 813 may have the same 
structure as that of the above-mentioned sealing material 
713. 

Note that, the solar cell unit 800 of this embodiment 
is used so that rays are made to enter from the lower side 
in Fig. 8. 

In this solar cell unit 800, a reflecting film 
(reflecting plate) 816 is provided on the upper surface of 
the upper substrate 811, so that the rays which have passed 
through the titanium dioxide semiconductor 801 can be 
reflected towards the titanium dioxide semiconductor 801 
again. 

Further, in order to increase the amount of light 
entering the titanium dioxide semiconductor 801, an 
ant iref lection film, having the same structure as that of 
the above-mentioned antiref lection film 712, may be provided 
on the lower surface of the lower substrate 815. Also, in 
order to prevent the lower surface of the lower substrate 
815 from becoming dirty, a thin film having the same structure 
as that of the above-mentioned thin film 716 may be provided 
on the lower surface of the lower substrate 815. 

In each of the solar cells employing the titanium dioxide 
semiconductors { titania semiconductor ) 101, 201, 301, 401, 
601, 701 and 801 as described above, and each of the solar 
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cell units 100, 200, 600, 700 and 800, when it is assumed 
that photoelectric conversion efficiency is R90 at the 
incident angle of light to the titanium dioxide semiconductor 
101 of 90 degrees, and when photoelectric conversion 
efficiency is R52 at the incident angle of light of 52 degrees , 
it is preferred that each of the solar cells and solar cell 
units has the property such that R52/R90 is about equal to 
or larger than 0.8, and more preferably, the ratio of R52/R90 
is about equal to or larger than 0.85. Satisfying such a 
condition means that the titanium dioxide semiconductor 101 
is low in directivity to the light , that is , it has the isotropy . 
Therefore, the solar cells and solar cell units 100, each 
having such a titanium dioxide semiconductor 101 , can generate 
electricity with higher efficiency almost over the entire 
duration of hours of sunlight of the sun. 

In the foregoing, the solar cell and the solar cell 
unit of the present invention have been described with 
reference to Fig. 1 to Fig. 8. However, the present invention 
is not intended to be limited thereto. The elements or 
components constituting the solar cell and the solar cell 
unit may be replaced with those having other structures 
capable of performing the same functions. 

In addition, the solar cell and the solar cell unit 
of the present invention may be those which are obtained by 
combining arbitrary two or more structures of Fig. 1 to Fig. 
8 . 

INDUSTRIAL APPLICABILITY 

As described above , according to the present invention , 
a solar cell employing a titanium dioxide {Ti02) electrode 
(titanium dioxide semiconductor, that is titania 
semiconductor) has the porosity of 5 to 90 %, that is the 
porosity is very high , and hence the surface area of the titania 



is remarkably increased as compared with the conventional 
wet solar cell in which a titania electrode is formed into 
a flat-shaped plate. For example, a portion of the titania 
defined by 1 cm^ in a plane can have a total surface area 
of 1,000 to 10,000 cm^. As a result, since the contact area 
between the titania and solar rays is also increased, the 
amount of the current flowing therethrough is mathematically 
expected to be 1,000 to 10,000 times as large as the case 
where the titania electrode is formed into a flat-shaped 
plate . 

Further, when the titanium dioxide semiconductor 
contains therein impurities, such as Cr (chromium) and V 
(vanadium) in the range of 0.1 to 2.5 ^imol/g, it becomes 
possible to absorb the visible rays having the wavelength 
of equal to or longer than 400 nm (normally, this means the 
rays having the wavelength of 400 to 750 nm) which cannot 
be efficiently absorbed by the normal titania semiconductor , 
so that the efficiency of the solar cell can be greatly 
enhanced. 



